pathogen to enhance durability of resistance and to reduce genetic vulnerability to the pathogen has been difficult using classical procedures. The difficulty resides in the repeated testing needed with strains to identify the required genes and in the problem of epistasis of genes, which requires test crosses to detect the hypostatic gene. The use of RAPD molecular markers to "tag" genes for resistance to various strains of rust and bean common mosaic virus is now being used by J.D. Kelly (see review paper) to pyramid genes for resistance to strains of those pathogens in common beans (Phaseolus vulgaris L.). Selection for resistance to the above pathogens using molecular markers in the absence of the disease likely also will be practicable.
Breeding for resistance to a pathogen whose inheritance is complex and of low heritability may be difficult using classical breeding procedures. Molecular-marker-assisted selection (MAS) may be more efficient than phenotypic selection under certain conditions. This procedure probably will require detection of quantitative trait loci (QTLs) that would explain a major portion of the variability for the trait. If the heritability of the trait can be increased through improved screening procedures and if appropriate population sizes are used, then QTL detection will be improved.
Mehlenbacher provides a broad overview of current developments in breeding small fruit and tree fruit using classical methods, molecular mapping, MAS, and transformation procedures. He also discusses the role of classical and molecular approaches in breeding crop plants and the current status of plant breeding in public institutions in the United States.
The colloquium concluded with a presentation by Eskridge (see review paper) dealing with the use of nonparametric statistical methods, because data obtained from experiments dealing with disease reactions do not adhere to the standard assumptions underlying the classical analysis of variance. Examples are provided of the value of using nonparametric procedures vs. parametric methods. Detecting more disease-resistant lines to various pathogens in diverse situations is possible using nonparametric methods (Eskridge).
This colloquium is broad in scope and contains subject matter of interest to all breeders of horticultural plants. The information should be especially useful to those involved in teaching graduate courses in plant breeding and for graduate students entering the profession, because it contains "state of the art" information on breeding for disease resistance.
Received for publication 20 Oct. 1994. Accepted for publication 16 Nov. 1994. I thank Jim Kelly and Robert Herner for their helpful reviews of the manuscript. The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact. genome of the virus (Table 1) . To my knowledge, there are no examples at this time where engineered virus resistance was achieved using a gene from the host. The practical significance of our ability to use viral genes is that they generally are easy to clone. The use of such genes, however, is only possible with the concurrent development of appropriate plant transformation technologies.
In the past 8 years, there have been more than 70 reports of genetically engineered virus resistance. The number of plant viruses for which engineered resistance has been achieved, the number of plant species into which these genes have been introduced, and the types of genes that have been used are increasing rapidly. This review focuses on the progress that has been made toward the development of virus-resistant crops and will emphasize applied aspects of the work rather than discussions of mechanism. I will use various examples, including those from my laboratory group, to illustrate different aspects of the engineered resistance. Recent reviews related to this topic include those by , Fitchen and Beachy (1993) , Gandani et al. (1990) , Grumet (1990 Grumet ( , 1994 , Hull and Davies (1992) , Nelson et al. (1990) , Scholtof et al. (1993) , and Wilson (1993) .
To develop an engineered crop with an agriculturally useful trait,
The advances of the past decade in plant transformation and the genetic engineering of virus resistance have provided some of the most dramatic recent developments in our ability to increase genetic resistance to plant diseases. In fact, engineered virus resistance was one of the first successful demonstrations of the introduction of any agriculturally useful trait into plants (Gasser and Fraley, 1989) . Engineered plant virus resistance remains a highly active area of research and development by public institutions and industry.
One of the major contributing factors to the early, rapid, and widespread development of genetically engineered virus resistance is the source of genes that are used. As will be discussed further, with the exception of some recent experiments with animal-based systems (antibodies, Tavladoraki et al., 1993; interferon-related proteins, Truve et al., 1993) , in every case the genes that were used came from the The use of pathogen-derived resistance can be contrasted with conventional breeding, which, of necessity, relies on host genes that can be transferred between interfertile relatives. Clearly, great progress has been made in developing virus-resistant cultivars for a range of crops and viruses using conventional methods (e.g., Kyle, 1993) . Undoubtedly, conventional breeding will continue to play a dominant role in the future production of virus-resistant crops. There can, however, be limitations to conventional breeding approaches. The desired resistance is not always available in a closely related, interfertile relative; the genes for resistance may be tightly linked to undesirable traits; or the resistance may be multigenic and difficult to transfer (Knott and Dvorak, 1976; Wenzel, 1985) .
From a genetic engineering standpoint, the use of viral genes has several advantages. Viruses have tiny genomes and short life cycles, thereby making it easy to identify, isolate, and clone a given viral gene. In contrast, most plant species have large genomes, large amounts of repetitive DNA, and, despite active, ongoing efforts, are not well mapped. Furthermore, in the great majority of cases, the underlying mechanism of resistance is not known; thus, there is no tag by which to identify and isolate the resistance genes. All of these features make cloning a host-encoded resistance gene difficult.
Even when using virus-encoded genes, several steps are involved in developing a transgenic, virus-resistant plant. First, the virus must be purified and the viral RNA or DNA isolated. For an RNA virus (note that >90% of plant viruses have RNA genomes; Zaitlin and Hull, 1987) , the isolated viral RNA is used as a template for reverse transcriptase to produce a cDNA copy of the viral genome. The viral gene(s) must then be identified, sequenced, and engineered into an expression vector that will facilitate expression in plants. These steps include adding transcriptional and, possibly, translational information; if transformation is to be done using Agrobacterium, Ti borders also will be added. Transformation methods most commonly used include Agrobacterium-mediated transformation or particle bombardment. Since only a fraction of a percent of the exposed cells will become transformed, the transformation plasmid generally also includes a selectable marker gene for antibiotic resistance, thereby enabling only those cells that express the introduced gene to grow, divide, and regenerate on medium containing the appropriate antibiotic.
Successful transformation is verified by testing for incorporation of the introduced gene into the host chromosome by Southern blot, polymerase chain reaction analysis, or both, and by verification of transfer to the next generation. Expression of the gene is verified by analyzing for production of the expected mRNA (northern blot) and protein [western blot or enzyme-linked immunosorbent assay (ELISA)]. As with any introduced gene, not all transgenic plants express a given viral gene construct to the same extent. This variation can have importance when selecting lines that exhibit the greatest resistance, but note that there is not always a direct correlation between levels of gene expression and resistance, as will be discussed later.
EXAMPLES OF ENGINEERED RESISTANCE TO VIRUSES

Coat protein-mediated resistance
The first example of genetically engineered plant virus resistance was published in 1986 (Powell-Abel et al., 1986) . The coat protein (CP) gene from tobacco mosaic virus (TMV) was inserted into tobacco and the resultant transgenic plants, which constitutively produced viral coat protein, were more resistant to infection by TMV than were control, nontransgenic plants. The coat protein-mediated approach to engineer resistance has proved to be widely applicable to a range of viruses, including positive sense, negative sense, single-, and doublestranded RNA viruses, and at least one DNA virus (Table 3 ). The viruses differ in particle morphology, genome organization, and mode of transmission, and represent at least 13 different virus groups. Abbreviations of virus names will be used throughout the text; the full names are listed in Tables 3, 5 , 6, and 7.
The extent of protection conferred by the CP genes is variable, depending on the type of virus and the individual transgenic line. In general, following inoculation with the virus from which the CP gene two components must come together: a suitable transformation system and useful genes. Although transformation per se is not within the focus of this discussion, and I will not describe the various methods, I do not want to ignore its importance, for it can be a limiting factor. For each crop of interest, it is necessary to develop the appropriate regeneration and transformation technologies; depending on the species in question, this can be very challenging. In fact, until 1991, all published examples of genetically engineered virus resistance were in either tobacco (Nicotiana tabacum L.) or related Nicotiana species, or tomato, or potato; i.e., Solanaceous species that are comparatively easy to transform. Progress is being made, however, as more crops receive effort. In the past few years, examples have been published for other diverse crops (Fang and Grumet, 1993; Fitch et al., 1992; Gonsalves et al., 1992 Gonsalves et al., , 1994 Hayakawa et al., 1992; Hill et al., 1991; Murray et al., 1993; Zaccomer et al., 1993) (Table 2 ). The second critical component is the gene to be transferred. As noted, with regard to engineered virus resistance, in almost every case the source of resistance genes has been the virus itself. The theoretical basis for the use of virus-derived genes as a source of resistance genes has been termed pathogen-derived resistance (Sanford and Johnston, 1985) . The concept of pathogen-derived resistance states that it should be possible to disrupt the normal life cycle of a pathogen by causing the host to express a pathogen gene at the wrong time, in the wrong amount, or in a counterfunctional form. Either native or altered viralderived genes might be used to interfere with various stages in the viral life cycle, such as uncoating, translation, replication, cell-to-cell or long-distance movement, or vector-mediated transmission. (
See Tables 3-6 for references and complete virus names.
was derived, the inoculated leaves of the transgenic plants show 1) fewer viral lesions than do control plants; 2) systemic spread of infection is prevented, delayed, or reduced; or 3) both occur. In the majority of cases, virus accumulation is reduced or absent. For example, transgenic zucchini yellow mosaic virus (ZYMV) CPexpressing melon plants did not show symptoms for up to 90 days after infection with ZYMV, nor were there detectable levels of virus accumulation (Fang and Grumet, 1993) . In some cases, the level of protection is related to the level of CP expression, e.g., alfalfa mosaic virus (AlMV) (Hill et al., 1991; Loesch-Fries et al., 1987) , potato virus X (PVX) (Hemenway et al., 1988; Hoekema et al., 1989) , rice stripe virus (RSV) (Hayakawa et al., 1992) , and tomato yellow leaf curl virus (TYLCV) (Kunik et al., 1994) . Comparisons among individual lines with different levels of expression, or between heterozygotes and homozygotes, indicate that higher levels of CP provide greater protection. Similarly, reduction of TMV CP levels by heat treatment resulted in reduced protection against TMV infection (Nejidat and Beachy, 1989) . For other viruses, however, there is not necessarily a correlation between CP level and level of resistance, e.g., certain potyviruses Namba et al., 1992; Regner et al., 1992) , luteoviruses (Kawchuk et al., 1990) , and tospoviruses (Gielen et al., 1991; MacKenzie and Ellis, 1992; Pang et al., 1992) . Protection against ZYMV also was not correlated with the level of protein expression (Fang and Grumet, 1993) .
In many cases, it has been possible to overcome the CP-mediated resistance with increasing concentrations of viral inocula, e.g., TMV (Powell-Abel et al., 1986) , AlMV (Tumer et al., 1987) , tomato spotted wilt virus (MacKenzie and Ellis, 1992), soybean mosaic virus , watermelon mosaic virus (WMV) (Namba et al., 1992) , and ZYMV (Grumet et al., 1994) . However, similar levels of resistance were observed over a range of inoculum levels for several viruses, including cucumber mosaic virus (CMV) (Cuozzo et al., 1988) , arabis mosaic virus (Bertioli et al., 1992) , potato leafroll virus (PLRV) (Kawchuk et al., 1990) , and potato virus S (Mackenzie and Tremaine, 1990; MacKenzie et al., 1991) . From an applied point of view, higher levels of protection would be most valuable, but perhaps the most critical factor is whether the levels of resistance are sufficient relative to inoculum concentrations likely to be encountered in the field.
The issue of inoculum concentration is particularly relevant to vector-mediated transmission. In the majority of experiments, resistance assays were performed by rub inoculation. Where it has been tested, however, CP-mediated protection also is effective against insect-vectored transmission (Table 4) . In some cases, the viruses could be transmitted only by their vectors (e.g., PLRV, aphid transmitted; RSV, leafhopper transmitted; TYLCV, whitefly transmitted); thus, all tests were performed using insect-mediated transmission (Hayakawa et al., 1992; Kawchuk et al., 1990; Kunick et al., 1994; van der Wilk et al., 1991) . In most experiments where comparisons were made between aphid transmission and rub inoculation, the lines that were resistant to rub inoculation also were resistant to aphid inocula- tion (CMV: Gonsalves et al., 1992; Quemada et al., 1991) [PVX, potato virus Y (PVY): Lawson et al., 1990] . In contrast to these insecttransmitted viruses, the CP of tobacco rattle virus conferred protection against rub inoculation, but not against nematode transmission (Ploeg et al., 1993) . Ploeg et al. (1993) suggest that protection against nematode transmission fails because the nematodes inject more virus particles into a cell than is normally achieved by manual inoculation. As with naturally occurring virus resistance genes, strain specificity is an important question, and different genes (be they engineered or naturally occurring) vary in their specificity. As a general rule, the plants were best protected against the virus (or strain) from which the CP gene was derived, but in many cases, the transgenic plants also were protected against additional virus strains, related heterologous viruses, or both. The CP gene of ZYMV-Ct conferred protection against a variety of other ZYMV strains and the closely related potyvirus WMV, but not against the less closely related papaya ringspot virus (Grumet et al., 1994) . Namba et al. (1991) , Nejidat and Beachy (1990) , Pang et al. (1992) , and van observed a correlation between the extent of protection and the relatedness between the challenge virus and the virus from which the CP gene was derived.
There are also, however, some surprising results. The CP gene of the potyvirus lettuce mosaic virus (LMV) conferred complete protection against the heterologous virus PVY (66% amino acid homology to LMV), but did not protect against tobacco etch virus, which has a similar percent amino acid homology (Dinant et al., 1993) . Interestingly, Murray et al. (1993) reported that corn plants expressing the CP gene of the maize dwarf mosaic virus (MDMV) potyvirus were not only protected against MDMV, but also showed reduced symptom severity when inoculated with maize chlorotic mottle virus (MCMV), a member of the carmovirus group. In fact, when plants were inoculated with a mixture of MDMV and MCMV, they were better protected than when inoculated with MCMV alone.
In summary, CP-mediated protection has been successfully applied to a variety of plant viruses and, in many cases, related strains or viruses. Since CP-mediated protection is the strategy that has been most widely used to date, virtually all of the field trials with virusresistant transgenic plants have used CP-expressing plants. A discussion of the field trial results will be presented in a later section.
Resistance mediated by other viral genes
Several other types of viral genes have conferred resistance, including replicase genes, movement protein genes, and protease genes ( Table 5 ). The use of viral-encoded replicase genes appears to be promising. As for CP-mediated resistance, replicase-mediated resistance was first demonstrated with TMV (Golemboski et al., 1990) . In this case, however, the resistance was inadvertent. These researchers sought to determine the function of a putative 54-kDa protein encoded within the replicase gene and discovered that the 54-kDa-expressing transgenic plants were completely resistant to TMV infection, even at inoculum levels up to 1000-fold higher than conferred by the TMV CP gene. Replicase-mediated protection also has been demonstrated for viruses representing four additional virus Table 3 for complete names of other viruses.
groups: potexviruses (Braun and Hemenway, 1992; Longstaff et al., 1993) , tobraviruses (MacFarlane and Davies, 1992) , cucumoviruses (Anderson et al., 1992) , and tombusviruses (Rubino et al., 1993) . As with CP-mediated resistance, in most cases, the level of resistance varied among different transgenic lines, but, in several examples, the level of resistance observed in the most resistant replicase-expressing line was greater than that for the CP-expressing lines (Anderson et al., 1992; Braun and Hemenway, 1992; MacFarlane and Davies, 1992) .
To my knowledge, reports of testing replicase-expressing plants in the field have not been published. Two newly demonstrated approaches to pathogen-derived resistance use viral movement proteins or protease genes. Cell-to-cell transport of viruses can involve a viral-encoded movement protein (MP) that interacts with the plasmodesmata to increase the macromolecular exclusion limit and facilitate viral spread to adjacent cells (Deom et al., 1992; Wolf et al., 1989) . When tobacco plants were transformed with a defective MP from a TMV mutant, or with the MP from brome mosaic virus, which cannot spread through a tobacco plant, the transgenic plants were protected against infection by TMV (Malyshenko et al., 1993) . Presumably, presence of the defective or nonspecies appropriate MP before viral inoculation limited the ability of the incoming functional viral MP to successfully interact with the plasmodesmata.
Another critical step in the life cycle of many viruses is proteolytic processing of viral-encoded proteins. An extreme example is the potyvirus group. The potyvirus genome codes for a single, large polyprotein that is subsequently cleaved into individual mature viral proteins through the action of three viral-encoded proteases (Dougherty and Carrington, 1988) . The NIa protein, which performs the majority of cleavages, was used to transform tobacco (Vardi et al., 1993) . Unexpectedly, two of 50 transgenic PVY NIa lines were resistant to PVY. In this case, the reason for resistance is unclear; the authors suggest that possible inadvertent alterations occurring during the cloning process may have resulted in a counterfunctional protein.
Antisense and sense-defective RNAs
Genetically engineered virus resistance also has been accomplished using genes that express RNA but not protein (Table 6 ). In these examples, antisense (the noncoding strand of RNA) and sensedefective (the coding strand with an alteration that makes it nontranslatable) viral-derived RNA sequences have been used. Presumably, interaction between complementary transgene-and viralencoded sequences interferes with translation, replication, or viral nucleic acid stability. Different types of sequences have been tested, including 3´ and 5´ noncoding regions that include viral regulatory, replication, and translation initiation sites, and coding regions of coat protein and replicase genes. In general, the RNA-mediated protection has been less effective than CP-mediated protection, as was observed for the sense and antisense ZYMV CP genes (Fang and Grumet, 1993) . There are, however, notable exceptions, especially in the potyvirus and luteovirus groups where RNA-mediated protection seemed effec-aphid transmission as well as rub inoculation (Jacquemond et al., 1988) . After inoculation, the amplified transgene-derived sequences become encapsidated in the helper virus CP and are transmitted in subsequent passages along with the helper virus (Gerlach et al., 1987; Harrison et al., 1987; Stanley et al., 1990) . Although only a limited number of viruses have satellites or DIs, this approach, where available, seems effective. Other researchers are investigating the possibility of creating artificial DIs for viruses that do not have them naturally (e.g., Huntley and Hall, 1993; Marsh et al., 1991) . However, because satellites and DIs are replicating entities with a complex biology, several concerns exist about the ecological safety of this approach (e.g., Tepfer, 1993) . These concerns have detracted from testing satellite-or DI-expressing plants in the field.
FIELD PERFORMANCE
Ultimately, if we are to use these strategies to develop virusresistant cultivars, the materials must perform well in the field not only with regard to general crop growth and yield, but also in response to virus infection. A frequently asked question is what effects do regeneration, transformation, and expression of the viral gene per se have on crop performance? In respect to regeneration and transformation, plants possibly might be affected by somaclonal variation or by the site of integration of the transgenes. As might be expected, in a study comparing field performance of various potato lines, those derived from regenerated or transgenic plants were more variable than those from tuber nodal shoot cuttings (Dale and McPartlan, 1992) . In a study comparing field performance of transgenic potato lines expressing PVX CP with their nontransgenic counterparts, the degree of variation was genotype dependent (Hoekema et al., 1989; Jongedijk et al., 1992) . Even though somaclonal variation occurred, several lines were obtained that retained their agronomic or horticultural qualities. Clearly, there are possible effects of the transformation and regeneration processes that should be screened for during early testing.
Another concern is the effect of viral gene expression. With the exception of examples of the introduction of CP genes from necrosisinducing TMV or tomato mosaic virus (ToMV) strains into hypersensitive Nicotiana genotypes (Culver and Dawson, 1991; Pfitzner and Pfitzner, 1992) , transgenic plants expressing viral sequences have appeared phenotypically normal. The sequences per se, even those of satellites or DIs, did not cause any symptom development. In experiments comparing the yield of noninoculated transgenic and control plants, there was no difference between transgenic TMV CP-expressing tomato plants, or between PVX CP-and PVY CP-expressing potato plants, and their respective nontransgenic controls Sanders et al., 1992) . Thus, CP gene(s) did not appear to have a negative effect.
The majority of experiments testing virus resistance in the field have been performed by industry personnel; they requested ≈75% of the U.S. Dept. of Agriculture permits issued from 1987 to 1993 for transgenic plants expressing viral genes. Although only a few field trial studies have been published, those that have, have been encouraging. The percentage of infection for transgenic tomato plants expressing TMV or ToMV CP genes was significantly lower than for nontransgenic controls (Nelson et al., 1988; Sanders et al., 1992) . In two trials, the inoculated control plants exhibited yield losses of 35% and 69%, while yield of the inoculated transgenic plants was not reduced. Similarly, the yield of a control potato line infected with PVX and PVY was reduced by 28%, while a transgenic potato line expressing PVX and PVY CP genes was free of symptoms and did not suffer yield loss . Jongedijk et al. (1992) observed that PVX CP-expressing potato plants had fewer infected seed tubers. In an experiment with natural aphid-mediated spread of CMV, transgenic CMV CP-expressing cucumber plants had significantly less viral infection relative to nontransgenic, susceptible controls .
Another question that is asked frequently regarding engineered virus resistance concerns the long-term stability of this approach. This is potentially an important issue for both naturally occurring and engineered resistance genes. Virus evolution can, and has, resulted in strains that can overcome host-derived resistance genes (Fraser, 1990 ); Table 3 for complete names of other viruses. Frischmuth and Stanley, 1994 Tombusvirus CyRSV N. benthamiana Kollar et al., 1993 z TobRV = tobacco ringspot virus, ACMV = African cassava mosaic virus, BCTV = beet curly top virus. See Tables 3 and 5 for complete names of other  viruses. tive (Hammond and Kamo, 1993; Kawchuk et al., 1991; Dougherty, 1992a, 1992b) . Thus, in some cases, RNA-mediated protection may prove a useful strategy for engineering resistance.
Viral parasites
Interestingly, despite their extreme simplicity and complete dependence on the host cell for all metabolic activity, several groups of viruses can acquire accompanying nucleic acid sequences that may be viewed as molecular parasites (Francki, 1985) . These sequences, which include satellites and defective interfering particles (DIs), are not essential for virus function and can suppress symptom development, multiplication of the helper virus, or both (Collmer and Howell, 1992; Roosnick et al., 1992; Roux et al., 1991) . As such, they have become candidate sequences for genetically engineering virus resistance. Examples to date have centered around the satellites of CMV and tobacco ringspot virus, and the DIs of African cassava mosaic virus, beet curly top virus, and cymbidium ringspot virus (Table 7 ; see references cited there). Transgenic plants have been engineered to express the satellite or DI sequences; upon challenge inoculation by the helper virus, the transgene-expressed sequences become amplified by the viral replication machinery. The inoculated leaves become infected in most cases, but leaves developing later are protected from severe symptom development. The degree of protection is insensitive to inoculum concentration and independent of the level of expression of transgene-derived sequences (Harrison et al., 1987; Jacquemond et al., 1988) . Protection conferred by CMV satRNA was effective against this is likely to be the case for engineered resistance as well. Although the occurrence of specific strains overcoming CP-mediated resistance has not been reported yet, it is too soon to draw any conclusions. All trials to date have been in experimental plots; we do not currently have the large-scale agricultural plantings that will ultimately test the usefulness and longevity of the genes. There is an interesting example, however, of a mutant strain of pea early browning virus that arose in laboratory tests and was able to overcome replicase-mediated protection (MacFarlane and Davies, 1992) . In my opinion, however, the possibility of viral strains that are capable of overcoming resistance should not preclude the development of these types of resistance strategies. We should, however, view these genetically engineered resistance genes as potential components of a broader-based program to develop virus-resistant cultivars.
In summary, substantial progress has been made in the past decade toward genetically engineering virus-resistant crops. As more genes, viruses, and hosts are used, we should see increasing numbers of horticultural crops that have been engineered for virus resistance.
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